The medial prefrontal cortex (mPFC) plays a key role in extinction learning. Previously, we found that expression of a neuronal activity-regulated pentraxin (Narp) dominantnegative construct in the mPFC of mice blocked extinction of morphine-conditioned place preference. To further investigate the role of mPFC Narp in the extinction of drug seeking, we tested whether mPFC Narp is necessary for the extinction of heroin self-administration in rats. Specifically, we injected an adeno-associated viral vector expressing a dominant-negative form of Narp (NarpN) into the infralimbic region of the mPFC of rats and compared lever presses during extinction to those of rats injected with a control virus. In contrast to our previous study, we found that injection of NarpN did not affect extinction of heroin self-administration. Our findings suggest that mPFC Narp is necessary for extinction of opiate seeking in the Pavlovian-conditioned place preference paradigm but not in the operant paradigm of drug self-administration.
Introduction
Neuronal activity-regulated pentraxin (Narp) is an immediate early gene product that is secreted and binds to AMPA receptors (O'Brien et al., 1999) . Although Narp knockout (KO) mice acquire instrumental and Pavlovian learning normally, they are deficient in extinction of morphineconditioned place preference (CPP) (Johnson et al., 2007; Crombag et al., 2009) . Recently, we reported that lack of Narp in the infralimbic region (IL) of the medial prefrontal cortex (mPFC), a region that plays a crucial role in extinction of drug seeking (Peters et al., 2008; LaLumiere et al., 2010) , mediates this phenotype. We found that viralmediated expression of a Narp dominant-negative construct in the IL of wild-type mice blocks extinction of morphine CPP whereas viral-mediated expression of wild-type Narp in the IL of KO mice rescues extinction of morphine CPP (Blouin et al., 2013) .
In the current study, we investigated the role of IL Narp in opiate self-administration, as the rodent self-administration model may provide a more salient model of human drug addiction (Brady, 1991; Panlilio and Goldberg, 2007) . Specifically, we determined the effect of viral-mediated suppression of Narp in the IL of rats during extinction of heroin self-administration and hypothesized that this manipulation would block extinction in this paradigm.
Materials and methods

Subjects
Heroin self-administration was conducted using a total of 32 male Sprague-Dawley rats, although five were excluded from the study because of failure of catheter patency. All animals were B10 weeks of age at the time of surgery. Rats were kept on a reverse light/dark cycle (lights on 21:00-09:00), and heroin self-administration was performed during the hours of 09:00-16:00. Food and water were freely available in the home cage.
Surgery
Rats were anesthetized with a mixture of sodium pentobarbital and chloral hydrate (60 and 25 mg/kg, respectively, intraperitoneally). One microliter of either adeno-associated viral vector expressing a dominant-negative form of Narp (AAV-NarpN) or AAV-yellow fluorescent protein (YFP) was injected per side through bilateral guide cannulae (23 G; Plastics One, Roanoke, Virginia, USA), and all injections were performed at a 101 angle into the IL mPFC according to the following coordinates: + 3.0, ±1.5, and -4.3 (Paxinos, 2005) . AAV-NarpN has been shown to block trafficking of endogenous Narp into spinal and cortical axons in cultures from rat (O'Brien et al., 2002; Johnson et al., 2010) . Viral products were titered by Dr During's laboratory and were B1-5 Â 10 12 particles/ml (see Johnson et al., 2010 for more details on AAV-NarpN). Immediately following viral injections, rats were implanted with silastic catheters into the jugular vein; the catheters passed subcutaneously to the top of the skull and attached to a modified 22-G cannula (Plastics One) that was mounted to the rat's skull with dental cement (Lu et al., 2004 (Lu et al., , 2007 . Buprenorphine (0.1 mg/kg, subcutaneously) was administered as an analgesic after surgery (according to the requirements of the local ACUC) and the rats were allowed to recover for 5-7 days. During the recovery and training phases, catheters were flushed every 24-48 h with sterile saline and gentamicin (5 mg/ml; Butler Schein, Dublin, Ohio, USA).
Heroin self-administration
Five to 7 days after viral injection through cannulae and jugular vein catheter implantation, rats were trained to self-administer heroin (Airavaara et al., 2011; Theberge et al., 2012) . For training, rats were placed in operant chambers for 3 h/day for 14 days. One active lever press activated a pump and resulted in a 0.075 mg/kg heroin infusion at a volume of 65 ml over 2.3 s (diacetylmorphine HCl, dissolved in saline; National Institute on Drug Abuse, Baltimore, Maryland, USA), coinciding with a 2.3 s presentation of a tone-light cue. Each infusion was followed by a 20 s timeout, during which active lever presses did not result in infusions. Each chamber also contained an inactive lever, which had no programmed consequences when pressed. Following the training phase, rats remained in home cages for 14 days without exposure to operant chambers to allow for adequate viral expression. During this 14-day withdrawal phase, rats were handled three to four times per week. Rats then underwent extinction for 3 h/day for 14 days; this phase consisted of exposure to the same chambers used during training, but a lever press on the previously active lever resulted in a tone-light cue only and no heroin. Following extinction, 3-h reinstatement sessions were administered daily over 6 days. For the first 3 days, rats were administered subcutaneously priming injections of saline, 0.13 mg/kg heroin, and 0.3 mg/kg heroin on consecutive days. On the subsequent 3 days, rats were administered intraperitoneally priming injections of water, 1 mg/kg yohimbine (Sigma, St Louis, Missouri, USA), and 2 mg/kg yohimbine on consecutive days. Yohimbine is an anxiogenic drug used for stress-induced reinstatement procedures (Nair et al., 2011) . Infusions during training and responses on both the active and inactive levers were measured during the 3-h training, extinction, and reinstatement sessions.
Immunostaining and quantification of viral injections
Rats were perfused with 4% paraformaldehyde and mPFC sections were processed for histology. As the NarpN construct contains a C-terminal myc tag, NarpN expression was monitored with a mouse anti-myc primary antibody (1 : 1000; Invitrogen, Grand Island, New York, USA) and a biotinylated anti-mouse secondary antibody (1 : 500; Vector Laboratories, Burlingame, California, USA) combined with DAB (Vector Laboratories). YFP fluorescence was visualized directly. The percentage of cells expressing AAV-NarpN in the IL region was then quantified as in Blouin et al. (2013) . To assess the spread of the virus, the percentage of cells expressing viral product in the prelimbic (PrL) region of the mPFC was also quantified.
Statistical analysis
A total of 14 rats injected with AAV-NarpN and 13 rats injected with AAV-YFP were included in the analysis. Repeated-measures analysis of variance (ANOVA) was used to analyze self-administration time course data for training, extinction, and reinstatement. The dependent variables were active and inactive lever presses per 3-h session for the training, extinction, and reinstatement phases. For training, infusions per 3-h session were also analyzed. Paired t-tests were used to compare viral expression in the IL and PrL regions. Viral expression was correlated with active lever presses per 3-h reinstatement session using Pearson's correlational analysis.
Results
Rats with IL injections of NarpN or YFP showed normal acquisition of heroin self-administration and did not differ in the number of active lever presses or heroin infusions ( Fig. 1a and b) . A Virus Condition (YFP or NarpN) Â Training Day (Days 1-14) repeated-measures ANOVA for active lever presses/3 h showed a significant effect of Training Day [F(13,325) = 3.66, P < 0.001], but no significant effect of Virus Condition or Training Day Â Virus Condition interaction (P > 0.1). Similarly, a repeatedmeasures ANOVA for infusions/3 h showed only an effect of Training Day [F(13,325) = 5.86, P < 0.001]. Contrary to what we hypothesized, rats with IL injections of NarpN did not differ from those with YFP injections in extinction of heroin self-administration ( Fig. 1c) . A Virus Condition (YFP or NarpN) Â Extinction Day (Days 1-14) repeated-measures ANOVA for active lever presses/3 h showed a significant effect of Extinction Day [F(13,325) = 63.36, P < 0.001], but no significant effect of Virus Condition or Extinction Day Â Virus Condition interaction (P > 0.1).
For reinstatement with heroin priming injections, a repeated-measures ANOVA for active lever presses/3 h showed a significant effect of Dose [F(2,50) = 11.14, P < 0.001] but no significant effects of Virus Condition or Virus Condition Â Dose (Fig. 1d) . Similarly, for reinstatement with yohimbine, a repeated-measures ANOVA for active lever presses/3 h showed a significant effect of Dose [F(2,50) = 16.00, P < 0.001] but no significant effects of Virus Condition or Virus Condition Â Dose (Fig. 1d) . No significant differences were found between the YFP-injected and NarpN-injected rats for inactive lever presses during acquisition, extinction, or reinstatement.
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Discussion
Previously, we showed that in the morphine CPP paradigm, selective expression of Narp in the IL mPFC rescues the Narp KO phenotype and selective expression of NarpN in the IL mPFC recapitulates the Narp KO phenotype (Blouin et al., 2013) . In contrast to the key role of IL Narp in the extinction of morphine CPP, it appears to be unnecessary for the extinction of heroin selfadministration. This finding may represent a species difference, as mice were used for morphine CPP and rats for heroin self-administration. Thus, it is possible that although Narp is expressed in the IL region of rats, other molecular mechanisms may exist that can compensate for the loss of Narp in the rat, although this is not the case in the mouse. A control experiment testing the effect of NarpN on the extinction of opiate-induced CPP in rats is needed to rule out the possibility that our findings are because of a species difference. As morphine was used in our previous CPP experiments and heroin for the self-administration studies, it also remains possible that Narp is specifically involved in morphine addiction but not heroin addiction. However, the expressions of both NarpN and YFP viral constructs in the PrL and IL regions of the rats in the current study were similar to those of the mice in our previous study (Blouin et al., 2013) . Thus, our result cannot be attributed to more NarpN in the IL region of the mouse or to an altered pattern of expression in the mouse compared with the rat.
An alternative explanation for our results is that Narp is selectively involved in the extinction of drug associations present during CPP but not during drug self-administration. Although both paradigms involve drug associations, they differ in many ways. In the CPP paradigm, the association between drug administration and the environment is noncontingent upon the response of the animal (Bardo and Bevins, 2000) . However, during self-administration, the animal must execute a response to receive drug (Panlilio and Goldberg, 2007) . Plasticity-associated gene expression patterns have been shown to differ when the association between drug administration and the environment depends on the response of the animal versus when the association is purely Pavlovian (Thomas and Everitt, 2001; Thomas et al., 2003) . Furthermore, the self-administration paradigm may involve a heightened element of expectancy because the animal expects the drug immediately after the lever press. Expectancy for a reinforcer, especially following an animal's own behavior, has been shown to modulate the physiological response to that reinforcer (Garrud et al., 1981; Weise-Kelly and Siegel, 2001; Jacobs et al., 2003) . Thus, the absence of expected reward during extinction of self-administration may be able to engage mechanisms capable of eliciting extinction that are not dependent on Narp released from mPFC neurons.
Conclusion
In summary, we find that expression of a dominant negative Narp construct in the IL mPFC of the rat does not affect extinction of heroin self-administration. It is possible that our finding represents a species difference, with Narp being necessary for extinction in the mouse but not in the rat. However, it is also likely that our previous finding that mPFC Narp mediates extinction of Narp and heroin self-administration Blouin et al. 335 morphine CPP may apply to the passive associations made during Pavlovian processes. During extinction of the operant paradigm of drug self-administration, the absence of expected reward following the animal's response may override the need for Narp. Thus, Narp in the mPFC may not be needed for all types of extinction and may play a selective role in mediating drug craving elicited by exposure to environmental cues associated with drug reward.
